Background and Objective
Introduction
The Global Burden of Disease study in 2013 (GBD 2013) ranked stroke as the second most common cause of death and the third leading cause of life years lost worldwide, causing 110.1 deaths/100,000 persons and representing 12.5% of all-cause mortality [1] . Stroke age-standardized incidence has been declining in developed countries over the last 30 years, but there was a striking increase in developing countries, with approximately 70% of strokes occurring in developing nations [2] . In China, stroke remained the leading cause of death and became the second leading cause of adult disability [3] . Although a great many stroke prevention approaches have been implemented, the incidence and burden of stroke in China has been increasing over the past two decades [4] , suggesting that primary prevention strategies are not well translated into practice [5] . Considering the limited resources in China, high-risk prevention strategies with ideal cost-effectiveness that are valid and suitable for identifying those at risk for stroke are needed. [6] .
Transcranial Doppler ultrasound (TCD), which was introduced almost 30 years ago, has shown its potential screening value for stroke [7] . Ischemic stroke typically results from occlusion or stenosis of cerebral large arteries [8] . As blood flow velocity is inversely related to arterial diameter, intracranial arterial stenosis can be identified by an increase in velocity. In one study, the sensitivity was 91.6% and the specificity was 93.1% when diagnosing unilateral middle cerebral artery (MCA) stenosis by peak systolic velocities as detected by TCD. [9] As a noninvasive, safe, portable, relatively low-cost and well-tolerated technique, TCD is used for realtime evaluation of blood flow velocities in the major cerebral arteries and seems suited for screening high risk individuals among a large population. It has been confirmed by the Stroke Prevention Trial in Sickle Cell Anemia (STOP) that high flow velocities are correlated with subsequent stroke risk in children with sickle cell disease (SCD), and that TCD is a powerful predictor of stroke due to SCD [10, 11] . Even more important, STOP demonstrated that TCD identification of a high risk population and selecting patients for treatment (exchange transfusion) lowered the risk of stroke by 92%.
For TCD to be an effective and valuable screening tool in a large Chinese population, it should be demonstrated that an abnormal population as identified by TCD would be at increased risk for stroke. A prospective cohort study was undertaken to determine whether the peak systolic velocities detected by TCD can predict the subsequent stroke risk among habitants from the Shijingshan district of Beijing, China.
Subjects and Methods
The study sample was taken from the cohort of the People's Republic of China and the United States Collaborative Study of Cardiovascular & Cardiopulmonary Epidemiology. Participants' characteristics, study goals, and design methods are described in detail elsewhere [12] [13] [14] . With the approval of the Cardiovascular Institute and Fuwai Hospital ethics committee, and the Peking University Health Science Center ethics committee, we conducted a prospective Serum was collected from participants and sent to laboratory within three hours for assay. The concentrations of total cholesterol (TC) and fasting glucose levels were assessed by cholesterol oxidase and glucose oxidase methods, respectively. All of the tests were made daily by HITACHI 7020 Automatic Analyzer, which is assessed every 3 months. Hypercholesterolemia was defined as TC 200 mg/dL.
All of the participants were invited to undergo TCD examination carried out by a neurologist with experience in sonography. The equipment model, operation procedure, and images have been described in detail elsewhere [16, 17] . Briefly, peak systolic velocities of the bilateral extracranial (using 4 MHz probe) and intracranial arteries (using 2 MHz probe), including MCAs, anterior cerebral arteries (ACA), posterior cerebral arteries (PCA), common carotid arteries (CCA), internal carotid arteries (ICA), vertebral arteries (VA), and subclavian arteries, were measured among participants in supine resting positions.
Follow-up of incident stroke
The cohort was followed up in 2005, 2007 , and 2012 by a study team comprised of epidemiologists, nurses, and physicians. They investigated the past medical histories and reviewed the medical records from the interims at each follow-up. Strokes were confirmed by the presence of a focal neurological deficit of sudden or rapid onset lasting at least 24 hours based on clinical findings, or having had intracerebral hemorrhage, subarachnoid hemorrhage, cerebral thrombosis/embolism diagnosed by the participant's general practitioner and/or based on computed tomographic scanning and/or magnetic resonance imaging. Undetermined participants were assessed independently by two neurologists, with a third neurologist available in cases of disagreement.
Statistical analysis
Chi-square test or Fisher exact test were used to compare demographic characteristics of participants who were diagnosed as having intracranial vascular stenosis to those subjects without stenosis. In each patient, peak systolic velocities of individual arteries were recorded as the higher velocities on either side. Stenosis of an artery was diagnosed if the peak systolic velocity was 120 cm/s for an extracranial artery or 140 cm/s for an intracranial artery [18, 19] . Student's t-test was used to compare the difference in peak systolic velocities of each artery between participants with or without incident stroke. Stroke incidence density was calculated for participants who were stroke-free at baseline and completed at least one follow-up, dividing the number of incident strokes by the total number of person-years (PY) of follow-up. The follow-up time for each participant was calculated as the time between baseline survey and the last time follow-up or diagnosis date of stroke if confirmed. Poisson 95% confidence intervals (CI) were calculated for overall incidence density.
Univariate and multivariate Cox proportional hazard regression models were used to determine the factors associated with incident stroke and to calculate hazard ratios (HR) and corresponding 95% CI. Factors found significant in univariate analysis were included in a stepwise multivariate Cox proportional hazards regression model with entry criteria of P<0.20 and exit criteria of P>0.05. Statistical tests were performed using SAS 9.3 (SAS Institute, Inc, Cary, NC). All tests were 2-tailed and P<0.05 was considered the cut-off point for statistical significance for all analyses.
Results

Demographic characteristics of study participants
Between August and September 2002, a total of 1392 subjects were cumulatively recruited in the study. Of these 1392 participants, 63 participants were excluded because of a history of stroke and 4 were unable to complete TCD examination at baseline. Among the 1325 remaining participants, 62 (3.3%) failed to complete at least one follow-up, leaving a study sample of 1263 participants in the final cohort for analysis.
The cohort included 440 (34.8%) men and 823 (65.2%) women, and ages ranged from 42 to 73 years (median 56 years; interquartile range [IQR], 48-62 years). 56 (4.4%) subjects were diagnosed as having vascular stenosis (2.8% intracranial stenosis and 1.6% extracranial stenosis) by TCD examination at baseline. The baseline characteristics of all participants, with or without intracranial and extracranial stenosis, are shown in Table 1 . Compared with subjects <50 years, subjects 60 years were significantly more linked to having intracranial/extracranial stenosis. More married participants had intracranial stenosis, but fewer married participants had extracranial stenosis. Those subjects with BMI 28 Kg/m 2 had a higher prevalence of intracranial/extracranial stenosis, but without statistical significance.
Risk factors associated with incident stroke in univariate analysis
During the follow-up period from 2002 to 2012, 1263 participants were followed for an average of 9.16 (±2.27) years, for a total of 11569 PY. A total of 116 incident stroke cases were diagnosed, of which 101 (87.1%) were ischemic strokes, yielding an overall incidence of 1.00 per 100 PY (95% CI: 0.83-1.20). Table 2 presents the demographic, behavioral, and health characteristics associated with stroke incidence in univariate analysis. Increased risk of incident stroke was associated with classic stroke risk factors: older age, cigarette smoking, hypertension, and diabetes mellitus. The participants who were homemakers had a 2.1-fold greater risk of incident stroke than factory workers. Interestingly, participants who exercised almost every day were more likely to have a stroke. It was shown by further analysis that participants who practiced more physical exercise were older and had higher prevalence of hypertension (S1 Table) . We found no significant association between blood lipid TC level at baseline and the risk of stroke.
TCD examination results and association with incident stroke
Fifty-four (4.3%) of the 1263 participants had at least one MCA that was unable to be insonated, largely due to hyperostosis of temporal bone windows. Similarly, 54 (4.3%) and 18 (1.4%) participants had PCAs and ACAs, respectively, that could not be insonated due to the same technical limitation. The mean calculated of the peak systolic velocity measurements and the standard deviations of peak velocities of MCAs, ACAs, PCAs, and vertebral arteries were 95.35±22.37 cm/s, 80.36±20.46 cm/s, 44.46±9.99 cm/s and 51.76±17.35 cm/s, respectively. There were no statistically significant differences in peak systolic velocities in any artery between participants with or without incident stroke while using flow velocities as continuous variables in student's t-test (Table 3) . However, the risk of incident stroke was significantly higher among those subjects with MCA peak velocities 140 cm/s (HR, 1.92; 95% CI, 1.01-3.67) and subjects with vertebral artery peak velocities 140 cm/s (HR, 14.19; 95% CI, 3.50-57.49) ( Table 4) . We found a significant association between vascular stenosis determined with the stated TCD criteria and incident stroke risk. Compared with participants without vascular stenosis, subjects with intracranial stenosis had a 3.6-fold greater risk of incident stroke (Table 2 and Fig  1) . As shown in Fig 1, the participants with extracranial stenosis demonstrated a trend towards higher incidence of stroke after two years follow-up without statistical significance. Table 5 shows adjusted HRs and 95% CIs of incident stroke in the multivariate Cox proportional hazards regression model. Overall, participants diagnosed by TCD criteria as having intracranial stenosis had a 2.5-fold greater risk of incident stroke than those without vascular stenosis after adjusting other risk factors or confounders; however, there was not a significant association between extracranial stenosis and the risk of incident stroke. Older age, cigarette smoking, hypertension, and diabetes mellitus remained statistically significant after controlling for other factors.
Multivariate survival analyses
Discussion
To our knowledge, this is the largest community-based study to explore the predictive value of TCD in the general population in China. Participants with intracranial stenosis as determined by TCD criteria demonstrated a higher risk of incident stroke. The findings of our study indicate that increased peak systolic velocities measured by TCD can identify the people at higher risk of stroke, and confirmed the potential screening value in the general population.
Significantly, the prospective cohort study found that participants with intracranial stenosis had a 2.5-fold greater risk of incident stroke than those without vascular stenosis (HR, 2.53; 95% CI, 1.31-4.87). Studies have shown that intracranial stenosis is the most common etiology of ischemic stroke in Asia [20, 21] . With the wide availability of non-invasive diagnostic tools such as TCD, intracranial artery stenosis can be detected in both asymptomatic individuals and in stroke patients [22, 23] . The "high risk" strategy for primary prevention of stroke, in which individuals at high risk are identified and targeted for preventive treatment, should be suited to the current situation in China, considering the limited medical resources and favorable effects of primary prevention methods. Identification and management of high risk individuals are the core foundation of the "high risk" strategy. Based on our findings, TCD would be a potentially valuable screening tool in this "high risk" strategy for two reasons. First, the portability, simplicity, safety, and non-invasive nature of the exam make TCD a logistically appropriate tool for diagnosis and monitoring of cerebral vascular stenosis while also remaining cost-effective [24] . Secondly, TCD has been validated for grading stenosis in other studies [25] . The sensitivity and specificity of the tool's ability to identify intracranial vascular stenosis was 91.4% and 82.7% in one study compared with magnetic resonance angiography [18] . Although not as accurate as angiography (but also not posing the risks posed by this more invasive modality), TCD may be well-suited for screening among general population. A relatively low prevalence (4.4%, 56/1263) of vascular stenosis was identified by TCD examination at baseline in our study. Previous studies have shown arterial stenosis diagnosed by TCD ranging from 5.9% to 12.6% among asymptomatic subjects [26] [27] [28] [29] . The differences in the observed burden might have been resulted from sampling techniques, population heterogeneity (such as ethnicity, age and sex distribution), and different vascular risk factors in the source population. A disadvantage of TCD is that it is highly operator-dependent due to absence of direct anatomical information about cerebral vasculature [7] . The study is more technically challenging to perform in patients with hyperostosis, and if the appropriate angle of insonation is not obtained, incorrect readings can be recorded. The application of this non-imaging technique requires a high level of experience and knowledge about cerebrovascular anatomy. Furthermore, there are great inherent variabilities of TCD signals resulted from the status of intracranial and extracranial arteries as well as systematic abnormalities [7] .
As shown in other studies [30] [31] [32] [33] , we found similar risk factors or confounders significantly associated with incident stroke, including increasing age, cigarette smoking, hypertension, and diabetes mellitus. Hypertension has long been recognized as a global risk factor for stroke, with an estimated 51% of stroke deaths being attributable to high systolic blood pressure [30] . According to a new meta-analysis, subjects with blood pressure that is higher than the optimal 120/80 mmHg (prehypertension) were more likely to have a stroke [31] . It has been demonstrated in clinical trials that a blood pressure decrease can effectively reduce the risk of stroke [32] .
Cigarette smoking is a major risk factor for the incidence of stroke in Chinese men. It should be noted that China is the largest producer and consumer of cigarettes in the world. A 10-year multi-centre prospective cohort study in China found that increased cigarette smoking and years of smoking was associated with increased incidence of stroke [33] . A cross-sectional study conducted with a nationally representative sample demonstrated that the clustering of cardiovascular and stroke risk factors is common in China [34] . With an aging population and rapid economic development, China is facing a great challenge in controlling chronic noncommunicable diseases, such as cardiovascular disease and stroke, and more efforts should be given priority to the prevention of these conditions. Interestingly, participants who exercised almost every day were more likely to have a stroke in the univariate analysis. It was speculated that the unexpected result was generated by confounding factors which were correlated with both physical exercise and incident stroke. It was confirmed by further analysis that participants who practiced more physical exercise were older and had higher prevalence of hypertension. Moreover, the significant relationship disappeared after adjusting other risk factors in the multivariate analysis.
Our study is subject to several limitations. First, only baseline TCD examination was done among all participants and the study was not repeated over the ten year period of follow-up. A change from normal TCD to abnormal TCD would be expected to occur in some participants if repeated TCD screening was carried out because we would expect vascular pathology to progress with aging. Repeated screening could potentially identify more people at risk for stroke. Second, the study was conducted in a cohort of habitants in Shijingshan county of Beijing, and our study setting may limit the generalizability of our results. However, the setting included access to comprehensive medical records and provided for a relatively long duration of follow-up. Third, the lower proportion of stenosis diagnosed by TCD may be due to one TCD peak systolic velocity measurement being recorded per vessel rather than calculating the mean from multiple readings over time. However, these limitations are partially overcome by the large study population, as well as the long follow-up period of 10 years. Fourth, only final diagnosis results of stroke (occurrence and the type of stroke) was collected by study team, without detailed information on imaging diagnosis. Therefore, it is impossible to report the number of incident stroke confirmed by imaging examination. Finally, no consensus criteria of transcranial Doppler velocities have been determined for the detection of threshold stenosis. Moreover, different arteries may have different optional values of velocity on TCD in detecting artery stenosis. For example, 140 cm/s in a PCA is more concerning than that in an MCA as the degree of stenosis would probably be more severe with a high velocity in a smaller vessel. However, the reference criteria (140 cm/s of peak systolic velocity) was determined by comparison with magnetic resonance angiography and a good diagnostic accuracy (sensitivity 90.3% and specificity 95.2%) was achieved [19] .
Conclusions
The study establishes that participants with high peak systolic flow velocities on TCD are at higher risk for incident stroke and confirmed the screening value of TCD among the general population in urban China. Screening with TCD may provide awareness of patients at higher risk for stroke and may prompt providers to act more aggressively with primary preventative care. Increasing the availability of TCD screening may help identify high risk subjects and prevent strokes among general population. However, the screening strategy should be further studied in the future, and generalizability can be determined by studying other populations internationally.
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